Background: The gene content of a species largely governs its ecological interactions and adaptive 14 potential. A species is therefore defined by both core genes shared between all individuals and 15 accessory genes segregating presence-absence variation. There is growing evidence that eukaryotes, 16 similar to bacteria, show intra-specific variability in gene content. However, it remains largely 17 unknown how functionally relevant such a pangenome structure is for eukaryotes and what 18 mechanisms underlie the emergence of highly polymorphic genome structures.
host resistance. We performed transcriptome-assisted annotations of each genome to construct a 23 global pangenome. Major chromosomal rearrangements are segregating within the species and 24 underlie extensive gene presence-absence variation. Conserved orthogroups account for only ~60% of 25 the species pangenome. Investigating gene functions, we find that the accessory genome is enriched 26 for pathogenesis-related functions and encodes genes involved in metabolite production, host tissue 27 degradation and manipulation of the immune system. De novo transposon annotation of the 19 28 complete genomes shows that the highly diverse chromosomal structure is tightly associated with 29 transposable elements content. Furthermore, transposable element expansions likely underlie recent 30 genome expansions within the species.
31
Conclusions: Taken together, our work establishes a highly complex eukaryotic pangenome 32 providing an unprecedented toolbox to study how pangenome structure impacts crop-pathogen 33 interactions.
34
Background 35 36 Microbial species harbor substantial functional diversity at the level of gene presence-absence 37 variation (1). Genes not fixed within a species (i.e. accessory genes) can account for a large fraction 38 of the full gene repertoire (i.e. the pangenome). In bacteria, the proportion of core genes in the 39 pangenome can range from 5-98% and challenge taxonomic classifications (2,3). The wide spectrum 40 of pangenome sizes across species can be associated with the species distribution and lifestyle (4).
41
Species showing a wide geographical distribution and large population sizes characterized by frequent 42 genetic exchange tend to have expansive, open pangenomes (5). In microbial pathogens, accessory 43 genes play a major role in virulence and environmental adaptation (6) (7) (8) . The notion of a pangenome 44 led to the discovery that major elements of intra-specific variation are often ignored in studies relying 45 on a single reference genome. Large pangenomes also can challenge association studies aiming to 46 identify the genetic basis of phenotypic traits because mapping is often performed against a single 47 reference genome, making potentially relevant genetic variation inaccessible (9,10). Despite their 48 importance for unravelling the genetic basis of adaptive evolution, only a very limited number of 49 eukaryotic species have well established pangenomes. 50 51 Copy number variation including gene deletion generates intraspecific gene content variation in 52 nearly all species (11). This variation can create extreme variance in fitness and promote adaptive 53 evolution (12) (13) (14) (15) . In plant pathogens, the ability to infect a host often relies on the secretion of 54 effector proteins that interfere with the host cell machinery (16) (17) (18) . Host plants evolved cognate 55 resistance proteins that are able to recognize effector proteins and trigger immunity (19) . Gains and 56 losses of effector genes can therefore have a major impact on the outcome of host-pathogen 57 interactions and challenge food security. Recent studies on fungal pathogens highlighted that genes Figure 2B lower panel). The same isolate had chromosome 15 fused to the right arm of chromosome 117 16. The fusion event is supported by aligned PacBio reads spanning the region between the two 118 chromosomal segments (Additional file 1: Figure S1 ). The resulting chromosome is 1.20 Mb long and 119 49.5 kb shorter than the sum of the homologous chromosomes 15 and 16 of the IPO323 reference 120 genome. Approximately 90% of the genes on the IPO323 chromosome 15 and 16 belong to accessory 121 orthogroups, as they lack an ortholog in at least one of the other isolates. We find that the 122 chromosomal fusion deleted about 150 kb affecting 1 and 12 genes on chromosomes 15 and 16, 123 respectively ( Figure 2B upper panel) . We further assessed genome completeness using BUSCO 124 analyses. All genomes exceed the completeness of the fully finished IPO323 reference genome 125 (97.9%) with the exception of isolate 3D7 (96.8%; Figure 1C ).
127
Substantial gene content variation across the pangenome 128 We generated RNAseq data to identify high-confidence gene models in all 14 newly assembled 129 genomes based on a splice-site informed gene prediction pipeline. The total gene count varied 130 between 11'657 and 12'787 gene models ( Figure 1C) . We assigned all genes to orthogroups using 131 protein homology and constructed a pangenome of all 19 complete genomes. The pangenome consists 132 of a total of 229'699 genes assigned to 15'474 orthogroups. The number of genes assigned per 133 orthogroup varies among isolates ( Figure 2B ). Approximately 99.8% of all orthogroups (15'451) are 134 single gene orthogroups and ~60% of all orthogroups are shared among all 19 isolates (9'193 core 135 orthogroups). Around 96% of the core orthogroups (8'829 out of 9'193) have conserved gene copy 136 numbers among isolates. Furthermore, we find that 30% of all orthogroups are shared between some 137 but not all genomes (4'690 accessory orthogroups) and 10% of the orthogroups are composed of 138 genes found in a single genome only (1'592 singletons; Figure 3A -B; Additional file 2: Table S1 ).
140
To infect wheat, Z. tritici relies on specific gene functions (41, 42) . Effectors play a major role in 141 establishing infection and exploiting host resources. Hence, we analysed how gene functions were 142 structured across the pangenome components. Core orthogroups showing variation in gene-copy 143 number among isolates include five encoding predicted effectors. Both accessory proteins and overall 144 effector proteins are less conserved than core proteins at the amino acid level (Additional file 1: 145 Figure S2 ). A total of 3.5% (691) of all orthogroups encode at least one predicted effector. Among 146 orthogroups encoding at least one predicted effector, 31% were conserved among all isolates (219), 147 63% were accessory (436) and 5% were found in only one isolate (36 singletons). Notably, 99% of 148 the predicted effector genes are located on core chromosomes. In addition to effectors, enzymes 149 enabling access to nutrients are important pathogenicity components. We identified a total of 4'742 150 annotated carbohydrate-degrading enzymes (CAZymes) clustered into 263 orthogroups. Notably, 151 92% of the orthogroups encoding CAZymes were conserved among all isolates ( Figure 3A ).
152
CAZymes grouped into 123 subfamilies. Glycoside hydrolases (GH) are the largest family and 153 account for 57% of all annotated CAZymes (151 orthogroups for 2'717 genes). Glycosyl transferases 154 (GT) are the second most abundant family with 1'188 genes and 66 orthogroups (25% of all 155 CAZymes) ( Figure 3C ). We also identified 33 orthogroups encoding for auxiliary activities (AA), 9 156 for carbohydrate esterase activity (CE), 6 for carbohydrate-binding modules (CBM) and 3 for 157 polysaccharide lyase activity (PL). The PL family includes 29% accessory genes. Across CAZyme 158 families, 0-10% of the genes are accessory ( Figure 3C ). We found a singleton GH43 subfamily gene 159 in the genome of the Australian isolate (Aus01).
161
The production of secondary metabolites contributes significantly to virulence and competitive 162 abilities of fungal pathogens. We identified between 29 and 33 secondary metabolite gene clusters per 163 genome depending on the isolate. A total of 70% of all genes predicted as components of a 164 biosynthetic gene cluster are conserved between all isolates and 30% are accessory ( Figure 3D , 165 Additional file 1: Figure S3 ). Of the 147 orthogroups annotated as encoding biosynthetic or 166 biosynthetic-additional proteins in the pangenome, 87, 92, 111 and 112 have a homolog with >50% 167 identity in the four closely related sister species Z. passerinii, Z. ardabiliae, Z. pseudotritici and Z. 168 brevis, respectively (Additional file 1: Figure S4 ). We identified 39 syntenic gene clusters in the 169 pangenome classified into 12 type 1-polyketide synthase (PKS), 11 non-ribosomal peptide synthetase 170 (NRPS) , four terpene, one type 3-PKS, one siderophore, one indole and eight unclassified clusters.
171
Sixteen (40%) of the identified syntenic clusters show presence-absence variation. In the CH95 isolate, a gene cluster on chromosome 7 was annotated as unclassified but annotated as a NRPS in 17 173 other isolates and absent from the IPO323 reference genome. The sole indole and type 1-PKS clusters 174 located on chromosomes 5 and 10, respectively, were only found in isolate TN09. Two type 1-PKS 175 and one NRPS cluster were missing in the isolates YEQ95, Aus01 and IPO323, respectively. Among 176 the 39 identified syntenic gene clusters, 23 included a predicted effector and nine included a gene 177 annotated as a cell-wall degrading enzyme.
179
The emergence of fungicide tolerance in Z. tritici is a major threat to wheat production. Succinate 180 dehydrogenase (SDH) inhibitors are commonly used as control agents (31, 43) . We identified five 181 SDH orthologs, of which three were conserved among all genomes (SDHB, SDHC and SDHD 182 subunits). We find two distinct SDHC paralogs SDHC2 and SDHC3 in eleven and two isolates, 183 respectively. The SDHC3 paralog conferring standing resistance to SDH inhibitors is located adjacent 184 to a large cluster of TEs, suggesting that chromosomal rearrangements were underlying the paralog 185 emergence ( Figure 3E ). Genes encoding major facilitator superfamily (MFS) transporters, which can 186 confer multidrug resistance in Z. tritici (44), grouped into 336 orthogroups for a total of 5'787 genes 187 (Additional file 2: Table S2 ). We find that 39 (11%) of these orthogroups are part of a predicted 188 secondary metabolite gene cluster and one is an annotated CAZyme from the GH78 family. Overall, 189 the results reveal that gene families essential for pathogenicity and fungicide resistance show 190 unexpectedly high levels of presence-absence variation in the Z. tritici pangenome.
192

Strong expression variation across major gene functions
193
Differential gene expression is a major driver of intraspecific phenotypic differences. We performed 194 mRNA-sequencing of all 19 isolates grown on minimal media. Minimal media induces filamentous 195 growth of Z. tritici, mimicking the morphology and nutrient starvation that occurs early during plant 196 infection. We investigated isolate-specific gene expression by self-mapping RNAseq reads to each 197 isolate's genome assembly. Overall, 91.3% of the genes show expression on minimal media and 68% 198 have expression of more than 10 counts per million (CPM) ( Figure 4A ). Core genes have higher 199 expression than accessory genes (Additional file 1: Figure S5 ). Among the genes showing no 200 expression on minimal media, 501 are predicted effector genes (8% of predicted effectors), 93 are 201 predicted CAZymes (2% of CAZymes) and 838 are members of a predicted gene cluster (10% of all 202 gene cluster genes). CAZymes are overall highly expressed on minimal media (~77% with CPM >10) 203 when compared to effectors (~45% with CPM >10) and gene cluster genes (~60% with CPM >10) 204 ( Figure 4A ). About 53% of core single copy orthogroups with non-zero expression have a coefficient 205 of variation >50% ( Figure 4B ). Similarly, ~68% of CAZymes and ~60% of genes that are part of a 206 secondary metabolite cluster have expression coefficient of variation > 50%. In contrast, about 90% 207 of orthogroups encoding predicted effectors have a coefficient of variation >50%, together with ~81% 208 of accessory orthogroups.
210
To identify broad patterns in the pangenome expression landscape, we performed a clustering analysis 211 of all core single gene orthogroups. We find that expression clustering does not reflect the 212 geographical origin or genetic distance with the exception of the four Swiss isolates (1A5, 1E4, 3D1 213 and 3D7; Additional file 1: Figure S6 ). We also analysed the impact of copy-number variation on 214 average expression and find that single-copy orthologs are on average more highly expressed. In 215 addition, we show that gene expression rapidly decreases if an orthogroup includes 2-8 paralogs 216 ( Figure 4C ).
218
A highly variable transposable element content within the species 219 TEs are drivers of pathogen evolution by generating adaptive genetic variation. To identify genes with 220 a potential role in the mobilisation of TEs, we analysed large homology groups. Among the 221 orthogroups with 10 or more paralogs, ~88% of the genes encode proteins without homology in 222 databases, ~7% of the genes encode nucleic acid binding functions (GO:0003676), ~2% of the genes 223 encode a retrotransposon nucleocapsid (GO:0000943) and ~1.5% of the genes encode a DNA 224 integration domain (GO:0015074). Orthogroups with 10 or more paralogs are all accessory. For 225 isolates sharing the same large orthogroups, we identified variability in the gene copy number within 226 those orthogroups. Indeed, the isolates Aus01 and OregS90 have 26 and 16 orthogroups, respectively, 227 with more than 10 assigned genes. The isolates I93 and Arg00 count between one and six orthogroups 228 and nine other isolates have no orthogroups larger than ten genes ( Figure 4D ). Altogether, these 229 results suggest that large orthogroups (>10 genes) essentially regroup genes that are encoded by TEs.
230
Our data also indicates regional TE-driven genome expansions given the enlarged genome sizes in 231 Australian and North American isolates.
233
To elucidate the role of transposition on generating genomic variation, we screened the 19 genomes 234 for TE content. For this, we jointly analysed all complete genomes to exhaustively identify repetitive 235 DNA sequences. We identified a total of 304 high-quality TE family consensus sequences grouped 236 into 22 TE superfamilies. The GC-content of the consensus sequences is highly variable, ranging from 237 23-77% (Additional file 1: Figure S7 ). On average, TE superfamilies have a GC-content lower than 238 50%, except for unclassified SINE families (RSX; GC% ~50.6). The genomic TE content ranges from 239 16.48% (IR01_26b) to 23.96% (Aus01) and is positively correlated with genome size (cor = 0.78, p < 240 0.001; Figure 5A ). Genome size correlates with genome-wide TE proportions on both core and 241 accessory chromosomes but is negatively correlated with the proportion of coding sequences 242 (Additional file 1: Figure S8 , S9). The average length of individual TEs ranges from 102 to 51'298 bp 243 with the Helitron superfamily having the higher average length (Additional file 1: Figure S10 -S11).
244
The largest element is an unclassified LTR (RLX_LARD_Thrym) on chromosome 7, the size of 245 which ranges from 6'282 bp in CNR93 to 59'390 bp in ISY92. This particular LTR is present at the 246 locus only in 18 isolates including ISY92, which has a fragmented secondary copy on chromosome 3.
247
The RLX_LARD_Thrym insertion on chromosome 7 overlaps with the ribosomal DNA locus and 248 showed far above average mapped PacBio read coverage (~250X).
250
The genome-wide content of TEs shows substantial variation among the 19 isolates, however the 251 relative abundance of different TE superfamilies is relatively conserved with LTR Gypsy, unclassified 252 TIR and LTR Copia elements being the most frequent ( Figure 5B ). Accessory chromosomes contain 253 consistently higher proportions of TEs compared to core chromosomes (26-41% versus 17-24%; 254 Figure 5C ). Aus01 and OregS90 isolates showed the highest TE content. Interestingly, the Aus01 255 genome shows LINE I, LTR Gypsy and LTR Copia family-specific expansion compared to other 256 genomes. In contrast, the genome of OregS90 shows evidence for expansions of Helitron, LTR Gypsy 257 and LTR Copia families. On average, 10% of all TEs overlap with genes. Overall, singleton and 258 accessory genes tend to be closer to TEs and contain more often TE insertions than core genes 259 (Additional file 1: Figure S12 -S13). The isolates Aus01 and OregS90 have 12.8% and 12.4% of all 260 TEs overlapping with genes, respectively. In addition, Aus01 and OregS90 isolates have 7.4% and 261 5.4% of all genes that overlap with TEs, respectively (Additional file 1: Figure S14 ). The composition 262 of TEs inserted into genes reflects the overall TE composition in the genome, with more abundant 263 TEs being more often inserted into genes (Additional file 1: Figure S15 ). TEs can carry their own 264 regulatory sequences and are often epigenetically silenced by the host. We found that orthogroups 265 comprising a gene within 100 bp distance of a TE show stronger expression variation (~62% of 266 orthogroups with a coefficient of variation >50%) compared to other orthogroups (~54% of 267 orthogroups with a coefficient of variation >50%) (Additional file 1: Figure S16 -S17). We also found 268 that different TE superfamilies have contrasting effects on gene expression, with longer TEs having 269 more drastic effects ( Figure 5D ). On average, genes with an inserted TE have lower expression levels 270 (log10 CPM ~1.7-fold) and a higher coefficient of variation (log10 CPM ~2-fold) compared to genes 271 without an inserted TE (Additional file 1: Figure S18 ). 
275
Nevertheless, class II TEs can also transcribe into RNA. To gain insights into the mechanisms of 276 proliferation, we analysed the relative abundance of TE-derived transcripts across all genomes. The 277 highly repetitive nature of TEs typically prevents expression quantification at the individual copy 278 level. Hence, we focused on normalized TE expression across all copies. Overall, more than 70% of 279 the TE families have non-zero transcription levels. This is consistent with recent findings of pervasive 280 transcription of TEs in the Z. tritici genome under nutrient stress and during infection (68). We find 281 that the largest TE family, an unclassified LTR identified as RLX_LARD_Thrym, was the most 282 transcribed with an average log 10 CPM ~ 4.2 ( Figure 6A ). An unclassified DTX-MITE is the second 283 most transcribed TE with an average log 10 CPM ~ 3.6 followed by an unclassified TE 284 (XXX_Hermione with an average log 10 CPM ~ 3.4). At the superfamily level, LINEs have the highest 285 expression overall followed by the aggregation of unclassified TEs ( Figure 6B ). Retroelements are 286 more transcribed than DNA transposons (average log 10 CPM ~2 and 1.2, respectively).
288
To understand TE expression dynamics across the pangenome, we investigated associations between 289 TE transcription, length and relative frequency ( Figure 6C ). We found TE transcription to be 290 correlated with TE frequency in the genomes (Spearman's r = 0.49, p < 5e-307; Figure 6C ) and we 291 found an even stronger correlation at the TE superfamily level (Spearman's r = 0.59, p < 5e-40).
292
However, TE transcription is not correlated with TE length at the superfamily level (Spearman's r 293 =0.06, p > 2e-1; Figure 6C ). Interestingly, the average TE transcription levels are positively 294 correlated with TE count in the genome ( Figure 6D 
309
We showed that the Z. tritici pangenome is expansive with ~40% accessory orthogroups. Compared 310 to a previous construction of the Z. tritici pangenome based on genomes from a much narrower geographic breadth (27), we used more relaxed criteria to assign genes into orthogroups. Based on the 312 tendency to assign more divergent gene variants into the same orthogroup, we recovered a total of 911 313 orthogroups with at least one paralog compared to only 76 identified previously. The number of 314 paralogs remains low compared to species with larger genomes that retained more paralogs of gene 315 duplication events (28). A likely constraint on gene duplication is the genomic defence mechanism 316 that introduces repeat-induced point (RIP) mutations (45). Although these defences evolved to 317 suppress transpositional activity of TEs, they can also affect genome evolution by targeting gene CAZyme if predicted by each of the three tools. We searched for secondary metabolite gene clusters 503 using the online version 4 of antiSMASH (110). Genes belonging to an identified cluster were 504 annotated as "biosynthetic", "biosynthetic-additional", "transport", "regulatory" or "other". Gene 505 clusters mapping at a conserved, orthologous locus shared by two or more isolate were considered as 506 syntenic. 
950
The SDHC3 locus on chromosome 3 is shown for isolates 3D7 and Aus01 both carrying the paralog.
951
IPO323 and 1A5 lack SDHC3. The position of the SDHC3 paralog is shown using dark arrows.
952
Genes are colored in grey and transposable elements in red. 
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Orthogroups including more than one gene per cluster are shown in darker blue (0-3 genes were found 992 assigned to an orthogroup in this analysis). 1A5  1E4  3D1  3D7  Arg00  Aus01  CH95  CNR93  CRI10  I93  IPO323  IR01_26b  IR01_48b  ISY92  KE94  OregS90  TN09  UR95 
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